Two agriculturally significant attributes, those of photosynthesis and nitrogen fixation, make cyanobacteria one of the important microflora commonly present in paddy fields. For optimal growth and physiological activities, cyanobacteria require macro-as well as micronutrients. Although iron, an essential trace element, is the fourth most abundant element in the Earth's crust, its bioavailability is limited because of its physicochemical properties [7] . The low solubility of iron, at a physiological pH, limits Fe ++ availability to aquatic autotrophs in aerobic environments, thus causing moderate to severe iron deficiency [12] .
Further, approximately 36% of Indian AEZ (agro-ecological zone) soils are reported to be iron deficient (http://www. iiss.nic.in), and an under-supply of iron has been noted in agricultural fields also [23] . Whereas the recommended iron concentration for the growth of cyanobacteria ranges up to 72 µM [25] the available iron concentration for absorption in the soil may be <10 -4 µM [18] . Iron deficiency causes the fast down-regulation of nitrogenase activity and protein levels [13] . Therefore, it has been deemed both intriguing and important to explore how Anabaena (Nostoc) sp. PCC 7120, an indigenous nitrogen fixer present in Indian paddy fields, manages to survive and fix nitrogen under iron-deficient conditions over long periods of time.
Iron has been the element of choice for several biological studies, and appreciable information is now available on its effects on cyanobacteria. About 22-23 iron molecules are required (PSII 3, cytochrome b 6 /f complex 5, PSI 12, and ferredoxin 2, respectively, and the presence of a 23 rd iron depends on its use in plastocyanin or cytochrome c-553) for the proper functioning of the photosynthetic apparatus [8] . Survival strategies of Anabaena sp. PCC 7120, under iron-deficient conditions, include the replacement of ferredoxin by flavodoxin [16] , whereas Synechococcus sp. PCC 7942 exhibits a decrease in the components of PSI and PSII [28] . Recently, microarray analysis has been used to explore iron homeostasis and its relationship to oxidative stress [29] . Similarly, this latter form of analysis was used by Singh et al. [30] to explore, in Synechocystis sp. PCC 6803 under iron-starvation conditions, the relationship between iron homeostasis and differential expressions of ATP synthetase and phycobilisome, amongst others. Even the membrane protein complexes of irondeficient Synechocystis sp. PCC 6803 [11] have been examined. However, it is worth noting that all of these investigations have been carried out only for short-term iron starvation; namely, for 0-48 h in Synechocystis sp.
PCC 6803 [30] , for up to 20 days in Trichodesmium [13] , and for 0-8 days in Anabaena PCC 7120 [6, 15, 16, 39] .
Protein, being an essential component of metabolic pathways, provides a holistic view of cellular processes, and proteomics can decode the molecular mechanisms of the survival, and death, of organisms. Proteomics has been widely applied to study salt-induced changes in the Anabaena sp. strain L31 [2] , and in A. doliolum, copper [4] , heat, and UV-B induced changes [20] . These studies vividly suggest that for a clear overview of the behavior of proteins under abiotic stresses, both short-and long-term treatments should be studied. This necessitates the investigation of whether the proteomic strategy of Anabaena differs during long-and short-term iron starvation. Whereas data on short-term iron deficiency are plentiful, the long-term effect, a vital issue having huge agricultural implications, has remained neglected.
In light of the above, a decision was made to examine whether long-term starvation can induce some proteins for the roles of iron acquisition and distribution inside cells. Despite Anabaena being able to survive under conditions of long-term iron deficiency in agricultural fields, and it being a potential nitrogen fixer in paddy fields, it has been relatively neglected in investigations as to how it survives under such iron-deficient conditions. In order to resolve these questions, Anabaena sp. PCC 7120, iron-starved for 90 days, was subjected to 2-DE and MALDI-TOF/MS analysis, and RT-PCR was carried out to determine the correlation between mRNAs and their respective protein levels. The proteomic findings have also been corroborated with the physiological data, for example, growth, PSI, PSII, whole-chain electron transport, carbon and nitrogen fixation, respiration, and ATP and NADPH contents.
MATERIALS AND METHODS

Test Organism and Culture Conditions
The filamentous N 2 -fixing cyanobacterium Anabaena sp. strain PCC 7120 (hereinafter Anabaena) was grown axenically in a BG-11 [25] medium buffered with Tris-HCl at 24±2 Photosynthetically Active Radiation (PAR) light intensity, with a photoperiod of 14:10 h, at a pH of 7.5. The cultures were grown in Erlenmeyer flasks of 250-ml capacity containing 100 ml of culture medium. The flasks were plugged with non-absorbent cotton and the cultures were shaken by hand 2-3 times daily. Since iron is a trace element, all the solutions used in this study were prepared from high-quality ultrapure Millipore water in order to avoid any external iron contamination.
Experimental Set-Up Anabaena grown in a BG-11 medium is referred to as the control, whereas those grown in an iron deficient (no Fe-EDTA) medium are referred as the Fe-deficient strain. The time points selected for this work were 3, 7, 15, and 90 days, as these points revealed significant changes in the growth, viable cell count, and SDS-PAGE protein profile (data not shown). All the experiments were performed using exponentially growing cultures and repeated at least three times to ascertain the reproducibility of the results.
Growth Measurement
Growth was estimated by measuring the absorbance of Anabaena culture at 750 nm in a UV-Vis spectrophotometer (GE HealthCare, USA) on every third day up to 15 days using a basal culture medium as the blank. In order to differentiate the light scattering, of live from dead cells, the cyanobacterial cells were stained with 1% methylene blue, emulating the method previously described by Bhargava et al. [4] . For this purpose, the cyanobacterial suspension was homogenized so as to generate filaments of an almost equal length (10-15 cells per filament) and counted using a hemocytometer. Six replicate readings from each sample were recorded, averaged, and used for the creation of the growth curve.
Intracellular Iron Estimation
For the estimation of intracellular iron concentrations, the cells incubated in iron-sufficient and iron-deficient media were harvested by centrifugation and washed with 10 ml of EDTA (2 mM) at different time intervals, so as to desorb any metal ions adsorbed onto the cell surface. The endogenous iron content was determined by atomic absorption spectroscopy in a Perkin Elmer 2380 Atomic Absorption Spectrophotometer, using cells suspended in 2N HNO 3 [27] .
Chlorophyll a, Carotenoids, and Phycocyanin Estimation For the extraction of chlorophyll pigments, 20 ml of iron-supplemented and Fe-deficient Anabaena culture was centrifuged, and the pellet was suspended in 5 ml of 80% acetone. After overnight incubation at 4 o C, the suspension was centrifuged and the supernatant was used for measuring chlorophyll a (Chl a). For the estimation of chlorophyll a, absorbance was recorded at 663 nm. Quantitative estimation of the photosynthetic pigment, in terms of g/l, was performed using the formula following:
where α is the absorption coefficient, D is the optical density, d is the inside path length of the spectrophotometer in cm, and C is the concentration of pigment in g/l. The value of α for Chl a is 82.04 [17] .
The remaining residue of Anabaena was subjected to the extraction of the water-soluble pigments of phycocyanin and carotenoid by repeated freezing and thawing 3-5 times. It was then centrifuged and the absorbance was taken, as per the methods of Brody and Brody [5] and Myers and Kratz [21] , using the supernatant at 620 and 480 nm for phycocyanin and carotenoid, respectively.
Measurement of Oxygen Evolution and Carbon Fixation
Photosynthetic O 2 evolution was measured in a polarographic oxygen electrode enclosed in an airtight reaction vessel and connected to an oxygen analyzer (digital oxygen system model-10; Rank Brothers, UK). Five ml of cyanobacterial suspension, having 500 µg protein ml 
PAR)
for 2 h. The reaction was stopped by adding 0.2 ml of 50% acetic acid and bubbling with air for 5 min, followed by the addition of 5 ml of scintillation cocktail. Counting was done in a Beckman model LS6500 liquid scintillation counter.
Measurement of Photosynthetic Electron Transport Chain
Electron transport activities were measured according to the method of Tripathy and Mohanty [37] . A cell-free thylakoid membrane was prepared by sonication, and the activities were determined by three basic assays. For this, freshly isolated thylakoid membranes were added to the different reaction mixtures to a final concentration of 10 µg Chl/ml. First, electron transport through PSII was determined by DCPIP (dichlorophenolindophenol)-supported O , 10 mM NaCl, 400 µM DCPIP, and a 50 mM Hepes-NaOH buffer at a pH of 7.0. In the second type of assay, the whole-chain electron transport assay, from H 2 O to MV (methyl viologen), was measured polarographically as O 2 uptake. A 3-ml assay medium, containing 50 mM Hepes, 10 mM NaCl, 2 mM NH 4 CI, 3 mM MgCl 2 , 1.0 mM sodium azide, and 0.5 mM MV, was adjusted to pH 7.5. In the third type of assay, the electron transport through PSI was also measured polarographically as above, except that reduced DCPIP was used as the electron donor. Assay conditions were identical to those of the whole-chain assay, other than that 10 µM DCMU [3-(3,4-dichlorophenyl)-1,1-dimethylurea], 1 mM sodium ascorbate, and 100 µM DCPIP were added to the above reaction mixture.
Measurement of Respiration, ATP, and NADPH/NADH Levels
The rate of respiration (defined as O 2 consumption in the dark) was determined by measuring the total O 2 consumed in the dark for a given time period, minus nonspecific O 2 uptake [4] . The size of the ATP pool was measured by the method of Larson and Olsson [14] . Control and Fe-deficient cells incubated for known periods were withdrawn, centrifuged, and treated with trichloroacetic acid (TCA). The sample was diluted with a Tris-HCl buffer to a final TCA concentration of 0.01%. The ATP content was measured by LuciferinLuciferase assay using an LKB 1250 luminometer. The NADPH/ NADH level of the cell extract in Tris-HCl (pH 8.0) was measured by recording absorbance at 340 nm at room temperature using a Hitachi (F 3000) fluorescence spectrophotometer. The change in the fluorescence was used to measure the NADPH/NADH level using the method of Smyth and Dugger [32] .
Assay of Nitrogenase
The nitrogenase activity of Anabaena sp. PCC 7120 was determined by acetylene reduction assay [34] . Acetylene reduction cultures were transferred to 13-ml glass vials and sealed with Suba seals. The sealed vials were evacuated and flushed twice with argon and then sparged with argon for 10-15 min. For nitrogenase assay, acetylene was injected at a 10% concentration by volume and incubated for 2 h under continuous irradiance of 72 µM photon m 
Protein Isolation
Protein extraction was performed using a modified protocol of Wagner et al. [38] . Control and Fe-deficient Anabaena cells were harvested by centrifugation at different time intervals, washed with a Tris-HCl buffer at a pH of 8.0, and suspended in 5 ml of an extraction buffer containing 10 mM Tris-HCl, 1.5 mM MgCl 2 , and 10 mM KCl. Cells were then ground under liquid nitrogen, followed by centrifugation at 9,200 ×g for 1 h. The supernatant so obtained was treated with 10% TCA in acetone, left overnight to ensure complete precipitation, and centrifuged at 6,000 ×g for 15 min so as to recover the protein pellet. Additional washing with acetone was performed to remove the TCA. The pellet was air dried and suspended in a sample loading buffer containing 8 M urea, 2% CHAPS, 1% DTT (DL-dithiothreitol), and 0.8% ampholyte at pH 5-7. This suspension was again centrifuged to remove any undissolved material and then passed through a Sephadex G-25 column to remove any residual salt.
Two-Dimensional Gel Electrophoresis 2-DE was performed as per the method of O'Farrell [22] with slight modifications per Bhargava et al. [4] using PROTEAN II xi Cell (Bio-Rad, USA). Isoelectric focusing was done in 15 cm×1.5 mm vertical glass tubes with 4.5% T gels containing 5% carrier ampholyte, with four parts at pH 3-10 and one part at pH 5-7. This was given a pre run as per the following program: 200 V, 15 min; 300 V, 30 min; 400 V, 30 min. The tubes were subsequently washed and loaded with samples containing 50 µg of protein. Isoelectric focusing was conducted overnight as per the following program: 200 V, 1 h; 500 V, 2 h; 800 V, 20 h. The gel tubes were extruded using an extrusion needle filled with double-distilled water and equilibrated first in a sample loading buffer containing 2% SDS, 50 mM TrisHCl (pH 6.8), 6 M urea, 30% glycerol, 0.002% bromophenol blue, and 1% DTT followed by 2.5% 2-iodoacetamide (instead of 1% DTT) for 15 min each. The gel was then loaded onto the second dimension, having 12% T resolving gels and 4% T stacking gels of a 2 cm height. Electrophoresis was performed at a 20 mA constant current for 12 h. Protein spots were characterized using a broadrange molecular weight marker of standard protein (Sigma-Aldrich, USA) co-electrophoresed alongside the second-dimension gel. After migration, the gels were stained with Coomassie Brilliant Blue R-250 (CBB).
Analysis of Data
Protein spots were analyzed for differential expression patterns by using PDQuest software version 7.1 (Bio-Rad, USA). For the identification of the differentially expressed proteins, the analysis was carried out according to Bhargava et al. [4] . Spot intensities were calculated and normalized by determining the relative intensity of each spot (% volume) by dividing the intensity of each spot by the sum of the intensities of all spots on the corresponding gels. Protein spots showing significant and reproducible changes were selected and subjected to MALDI-TOF/MS or LC-MS analyses, followed by a homology search using MASCOT on a commercial basis from The Center for Genomic Application (TCGA), New Delhi, India. For correct protein identification, the Mowse score was calculated for each protein spot and its connotation was analyzed at a 95% significance level (p<0.05), along with percentages of protein sequence coverage. The MALDI-TOF/MS or LC-MS identification results are given in supplementary data (Fig. S1-S10 ).
DNA and RNA Isolation and DNase Treatment Anabaena genomic DNA was isolated as described previously [33] .
The quality of the RNA was checked on a 1.0% agarose gel, as seen in Fig. 1A , and the concentration was determined by measuring the absorbance at 260 nm.
Primer Designing and RT-PCR Specific primers were designed for the genes corresponding to the selected proteins using the PRIMER 3 software and Anabaena sp. PCC 7120 genomic sequences available at Cyanobase (http:// genome.kazusa.or.jp/cyanobase/Anabaena). The sequences of the primers are given in Table 1 . These primers were used to amplify the genomic DNA of Anabaena as the positive control (Fig. 1B) and to carry out RT-PCR for the aforementioned proteins as per Bhargava et al. [4] . To ascertain that equal concentrations of RNA were used in the different samples, cDNA for the 16S rRNA gene was prepared and an RT-PCR of the same was also performed (Fig.  1C) . Since iron deficiency is known to induce flavodoxin at a higher expression level, and to diminish the expression of ferredoxin [16] , these two proteins expressions were also checked using RT-PCR in Anabaena under iron starvation ( Fig. 1D and 1E) . Fig. 2A and 2B show the growth behavior and viable cell counts for Anabaena under iron-supplemented and -deficient conditions. The growth and cell count registered a decline of up to 39% and 50%, respectively, after 17 days of iron starvation. However, intracellular iron content increased on the 7 th day followed by a decline to 0.8 µM/ 10 9 cells until the 15 th day (Fig. 2C) . Furthermore, the photosynthetic pigments such as chlorophyll a, phycocyanin, and carotenoids were reduced by 1.40, 1.75, and 1.85 times, respectively (Fig. 2D, 2E , and 2F) when compared with the control. Table 2 compiles the data of PSI, PSII, whole-chain electron transport,
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C uptake, nitrogen fixation, and ATP and NADPH contents. Significant declines of 46% in 14 C uptake, 44.95% in whole-chain electron transport, 50% in PSII, 36.7% in ATP content, 19.25% in PSI, and 31% in NADPH were observed after a prolonged 90-day iron starvation. However, nitrogenase activity registered only a 40% decline after 90 days of iron starvation. Fig. 3 presents a comparative account of CBB-stained gels of total cytosolic proteins of the control and Fe-deficient Anabaena cells at 7, 15, and 90 days. PDQuest revealed a total of 242 visible spots in the control, with treated cells showing 191 spots at 7 days, 179 spots at 15 days, and 175 spots at 90 days (Fig. 3) . From the 3 rd day of iron- starvation, the 2-DE gel exhibited a similar induction pattern as those of 10 proteins in the control gel, and therefore this has been not been illustrated in Fig. 3 and instead is only indicated in the enlarged view of individual protein spots (Fig. 4A) . The latter 10 proteins depicted significant and reproducible changes under iron-starvation conditions. These protein spots were further subjected to MALDI-TOF/MS or LC-MS analyses followed by a MASCOT search (see Table 3a and 3b). Five proteins exhibited a close homology with the phycocyanin α-chain, the allophycocyanin β-chain, peroxiredoxin, the ATP synthase β-chain, and the phycobilisome 32.1 kDa linker polypeptide. LC-MS analysis of the five remaining spots showed homology with Mn-Fe superoxide dismutase, the hypothetical protein all1861, the fructose bisphosphate aldolase class II Calvin cycle subtype, the C-phycocyanin β-chain fragment, and Mn-catalase.
Identification of Iron-Starvation Inducible Protein
Time-Dependent Changes in Protein Expression
The kinetic analysis of the ten protein spots, characterized by MALDI-TOF/MS and LC-MS, has been presented in Fig. 4A . Iron starvation produced a significant decline in the expression of C-phycocyanin, followed by allophycocyanin, phycocyanin, phycobilisome linker polypeptide, peroxiredoxin, and ATP synthase. However, Mn-Fe SOD, FBP aldolase, and Mn-catalase were up-regulated. C-Phycocyanin registered a 2.5-fold decline, followed by allophycocyanin at 2.25-, phycocyanin at 2.1-, phycobilisome linker polypeptide at 2.0-, peroxiredoxin at 1.9-, and ATP synthase at a 1.75-fold decline when compared with the control. By contrast to this, Mn-Fe SOD exhibited a 2.0-fold increase, followed by FBP aldolase at 1.5-and Mn-catalase at a 0.75-fold increase. An interesting observation was in regard to the kinetics of the hypothetical protein all1861, which exhibited a significant 4-fold increase in accumulation on the 7 th day, followed by a decline on the 15 th and the 90 th days of iron starvation.
Transcriptional Analysis of the Identified Protein Genes
The primers (Table 1) amplified the partial genes encoding respective proteins and the 16S rRNA gene. A single intact band for all the genes with expected molecular weights was obtained (Fig. 1B) . RT-PCR products exhibited a positive correlation with proteomic data after densitometry. Expression of all the proteins was attested by an almost equal induction of their respective transcripts (Fig. 4B ).
DISCUSSION
Inhibition of growth, chlorophyll a, phycocyanin, carotenoid, PSI, PSII, whole-chain electron transport, carbon fixation, and ATP and NADPH contents (Fig. 2, Table 2 ) in irondeficient Anabaena cells clearly affirmed the essentiality of this metal for physiological processes. These results findings support the work of Sandström et al. [28] with Synechococcus, and Sandmann and Malkin [26] with Aphanocapsa sp. 6714 under short-term iron-starvation conditions. However, the iron-deficient cells studied herein continued to grow, albeit at a decreasing rate, until the end of the experiment at the 90 day mark (data not shown). In view of the involvement of iron in catalyzing pigment All gels were run in triplicate. The protein (50 µg) was applied to pH 3-10 gradient capillaries in 12% linear vertical SDS polyacrylamide gel as the second dimension, as mentioned in the Materials and Methods section. The gels were visualized by CBB staining.
synthesis, the decrease of photosynthetic pigments appears justified and the same has been reported by Ferreira and Straus [8] and Michel and Pistorius [19] with Synechococcus elongatus PCC 7942. Furthermore, our results also support the findings of work by Singh et al. [30] , where microarray analysis revealed a down-regulation of genes associated A. Changes in abundance of selected proteins of Anabaena sp. PCC 7120. Proteins showing significant and reproducible changes were subjected to MALDI-TOF/MS or LC-MS. Details are given in Table 2 (a) and (b). Protein spots with enhanced intensity were picked from 2-DE gels. Equally enhanced proteins, marked with arrows, were compiled in one chart using PDQuest to detect time-dependent variation in expression. B. Transcript analysis of these proteins using RT-PCR and relative intensity of the corresponding protein spots where *= primer artifacts, M=DNA ladder (50 bp), N=negative control, C=Anabaena iron-supplemented, and 3, 7, 15, and 90=Anabaena subjected to iron starvation for 3, 7, 15, and 90 days respectively. C. with chlorophyll biosynthesis, PSI, PSII, and energy metabolism in iron-deficient Synechocystis sp. PCC 6803.
A reduction in the above-mentioned physiological attributes may be due to decreased PSII and PSI polypeptides abundances, accompanied by an apparent decline in the rate of phycobilisome synthesis, as has been observed in iron-starved Synechococcus cells [28] . Inhibition of electron transport appears to be the primary cause for the decrease in the ATP pool (Table 2 ), which in turn may inhibit carbon fixation as a result of a low energy state (as evident from the low ATP and NADPH contents, Table 2 ) of iron-starved Anabaena cells. Modification and biochemical adjustment of the iron stoichiometry of the photosystem constituents under iron limitation has also been supported by the severe down-regulation of the gene encoding ferredoxin subunit, whereas the gene for flavodoxin was significantly up-regulated ( Fig. 1D and 1E ) in Synechococcus sp. [28] and Phaeodactylum tricornutum [1] . Appreciable nitrogenase activity in 90-days-old iron-starved Anabaena may be due to flavodoxin serving as an alternate electron donor for nitrogenase [3] . This may be further explained in light of the report that iron-chelating agents present in the medium may help in the acquisition of even minute traces of iron present [35] . Of the ten proteins characterized by MALDI-TOF/MS and LC-MS, three (Mn-Fe SOD, Mn-catalase, and peroxiredoxin) displayed a close homology with different antioxidative enzymes from Anabaena variabilis PCC 7937. Our results illustrate a significant increase in Mn-Fe SOD and Mn-catalase from day 3 onward, demonstrating their important roles in the survival of iron-starved Anabaena. The 90-day iron-starved cells depicted a 2.00-fold increase in Mn/Fe-SOD activity and a 0.75-fold increase in Mn-catalase activity, as compared with the control. It is likely that iron starvation accelerates the production of O 2 .-, and that SOD converts it into peroxide [10] , which in turn is removed by Mn-catalase [24] . Thus, enhanced Mn-SOD activity in iron-starved Anabaena cells appears to play an important role in survival. Downregulated peroxiredoxin in iron-starved Anabaena cells may be due to its inactivation by H 2 O 2 [9] . Down-regulation of allophycocyanin, C-phycocyanin, phycocyanin α-subunit, phycobilisome rod core linker polypeptide, and ATP synthase is also an important feature of the iron-starved Anabaena proteome. Down-regulation of C-phycocyanin and phycocyanin α-subunit correlates with the results illustrating a decline in accessory pigments and peptide, suggesting that the phycobilisome rod core linker polypeptide is required for their integrity. It has been noted that expression of the mRNAs from the phycobilisome core and rod operons was down-regulated during iron deficiency in the Synechocystis sp. strain PCC 6803 [31] . These findings re-inforce our results showing a downregulation of the aforementioned proteins. Because of these attributes, PSI and PSII were also retarded ( Table 2) . Findings of reduced ATP synthase agree with the work of Timperio et al. [36] in iron-deficient spinach leaves. Furthermore, up-regulated FBP aldolase may contribute towards the maintenance of ATP at a level essential for cell survival through pentose phosphate pathways or glycolytic bypasses (http://www.uniprot.org/uniprot/Q3MA79). This would then be in agreement with the findings of Allen et al. [1] in the diatom Phaeodactylum tricornutum under iron stress.
A critical analysis of these results suggests that some proteins are common both in short-and long-term iron starvation, whereas some differences do exist. Hyperaccumulation of all1861 on the 7 th day in the proteome map of the iron-starved Anabaena points towards a strategy for combating iron deficiency. Its kinetic behavior reflects a relationship with intracellular iron, being that alongside an increase in intracellular iron, the expression of the hypothetical protein went up on the 7 th day (Fig. 2C , 4A, 4B, and 4C) and thereafter both registered a similar correlating decline. Even under prolonged iron starvation, expression of all1861 was found to be more than the control. In view of the decrease in the viable cell count of Anabaena under conditions of iron starvation (Fig. 2B) , and the subsequent release of iron in the medium on the 6 th day (data not shown), there was a need for the overexpression of protein for iron acquisition and distribution in the live cells. Since the all1861 gene sequence contains the 2Fe-2S ferredoxin-type iron-sulfur binding nucleotide signature (http://myhits.isb-sib.ch/cgi-bin/motif_scan), its probable role in iron sequestration appears justified. The observed increase in all1861 expression and a concomitant increase in the mRNA level under iron limitation (Fig. 4B) suggest that the protein is a gene product rather than an artifact. Thus, the test cyanobacterium produces a set of different proteins, including all1861, for long-term survival in irondeficient circumstances.
Based upon the data obtained from this study, a hypothetical mechanistic model has been sketched to explain the survival strategy of iron-starved Anabaena (Fig. 5) . The model shows that as soon as the cell realizes oxidative stress due to iron starvation, the ROS generated thereby are detoxified by the joint efforts of Mn-Fe SOD and catalase. Meanwhile, down-regulated photosynthesis reduces the PSI, PSII, and electron transport process; electron flow is still maintained at a slower pace via alternative proteins such as Mn-Fe SOD, flavodoxin, and plastocyanin, and may carry out the functions of their iron counterpart protein and thus the nitrogenase complex remains active. Under this condition, the up-regulated all1861 protein is presumed to maintain intracellular iron concentrations (as revealed by their concomitant values in Fig. 4 and 2) , and assist in iron sequestration inside the cell, allowing the ATP, NADPH, and carbon fixation requirements, of the cell to be met by the enhanced respiration ( Table 2) . In a nutshell, the difference in the physiological behavior, as well as the differential induction of proteins in the control and iron-starved Anabaena cells, suggests that transient expression of all1861 and overexpressing Mn-Fe SOD, catalase, and FBP aldolase play a significant role in cell survival. In view of the above, application of cyanobacteria in iron-limited paddy soil may well better support crop growth through sustained N 2 fixation.
